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Abstract. We use permanent-plot data from the USDA Forest Service’s Forest Inventory
and Analysis (FIA) program for an analysis of the effects of competition on tree growth along
environmental gradients for the 14 most abundant tree species in forests of northern New
England, USA. Our analysis estimates actual growth for each individual tree of a given species
as a function of average potential diameter growth modified by three sets of scalars that
quantify the effects on growth of (1) initial target tree size (dbh), (2) local environmental
conditions, and (3) crowding by neighboring trees. Potential growth of seven of the 14 species
varied along at least one of the two environmental axes identified by an ordination of relative
abundance of species in plots. The relative abundances of a number of species were
significantly displaced from sites where they showed maximum potential growth. In all of these
cases, abundance was displaced to the more resource-poor end of the environmental gradient
(either low fertility or low moisture). The pattern was most pronounced among early
successional species, whereas late-successional species reached their greatest abundance on
sites where they also showed the highest growth in the absence of competition. The analysis
also provides empirical estimates of the strength of intraspecific and interspecific competitive
effects of neighbors. For all but one of the species, our results led us to reject the hypothesis
that all species of competitors have equivalent effects on a target species. Most of the
individual pairwise interactions were strongly asymmetric. There was a clear competitive
hierarchy among the four most shade-tolerant species, and a separate competitive hierarchy
among the shade-intolerant species. Our results suggest that timber yield following selective
logging will vary dramatically depending on the configuration of the residual canopy, because
of interspecific variation in the magnitude of both the competitive effects of different species of
neighbors and the competitive responses of different species of target trees to neighbors. The
matrix of competition coefficients suggests that there may be clear benefits in managing for
specific mixtures of species within local neighborhoods within stands.
Key words: competition; environmental gradients; Forest Inventory and Analysis; fundamental niche;
neighborhood analyses; New England (USA) forests; realized niche; spatially explicit models; temperate
forests; tree competition.
INTRODUCTION
Understanding the nature of competitive interactions
among forest trees is central to our understanding of
forest community organization and dynamics. This
knowledge is also critical to the development of
sustainable management of forest ecosystems, partic-
ularly in mixed-species, uneven-aged stands. Silviculture
in the northeastern U.S. has seen a dramatic shift away
from even-aged management and clear-cutting to partial
harvesting and all-aged management (USDA Forest
Service 2001). Landowners and foresters now routinely
manage for complex residual structure in northeastern
forests. This presents a host of new scientific challenges.
The spatial pattern of a partial harvest will have
important implications for understory light levels for
regeneration (e.g., Canham et al. 1999, Beaudet et al.
2002), including the potential for invasion by exotic
species (Knapp and Canham 2000). Given the relatively
limited dispersal distances of most northeastern tree
species (Ribbens et al. 1994, Clark et al. 1999), the
spatial distribution of seed trees will have strong effects
on the distribution and abundance of regeneration.
Perhaps most important from an economic standpoint,
the spatial pattern of a harvest determines the degree of
release from competition among residual trees, with
potentially dramatic effects on growth and survival of
residual trees (e.g., Wimberly and Bare 1996, Berger and
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Hildenbrandt 2000, He and Duncan 2000, Coates et al.
2003, Canham et al. 2004).
The long life spans and large adult sizes of forest trees
usually have precluded experimental approaches to the
study of tree competition except among juveniles (seed-
lings and saplings). Forest ecologists typically have
approached the study of the competitive effects of adult
trees through one of two alternate approaches. The
more mechanistic of the alternatives has been to focus
on competition for a particular resource and to
decompose the analysis into separate studies of (1) the
effects of trees on the availability of the resource (i.e.,
light extinction by tree canopies, e.g., Canham et al.
[1994]) and (2) the responses of individuals to the altered
availability of the resource (e.g., Pacala et al. 1994, Kobe
et al. 1995). A more phenomenological and more widely
applicable approach has been to use regression analysis
of the growth and survival of individuals as a function of
the distribution and abundance of neighbors (e.g., Bella
1971, Lorimer 1983, Biging and Dobbertin 1992, 1995,
He and Duncan 2000, Canham et al. 2004, Uriarte et al.
2004a, b). This latter approach reflects the mechanistic
link between the abundance, size, and spatial distribu-
tion of neighboring trees and the strength of both
aboveground and belowground competition (Larocque
2002, Canham et al. 2004).
It is often assumed that differences in relative
abundance of species are at least partly a reflection of
competitive hierarchies (e.g., Howard and Goldberg
2001), with the dominant competitor being defined
either in terms of the strongest competitive effects on
neighbors or the least competitive response to neighbors
(Goldberg 1990, Goldberg and Landa 1991). Hubbell
(2001) has challenged this notion and has argued that
interspecific differences in the competitive effects are
relatively unimportant in explaining patterns of diversity
and relative abundance in forests. This debate has
highlighted the scarcity of robust empirical estimates of
interspecific competition coefficients, i.e., the per capita
effect of one species on another (Freckleton and
Watkinson 2001). There also has been a long-running
debate over the degree to which competition plays a
central role in niche partitioning and the distribution of
tree species along environmental gradients (Whittaker
1975, Keddy 1989, Bigelow and Canham 2002), with
much of the research being focused on early life history
stages (e.g., the regeneration niche of Grubb [1977]).
Analyses of the effects of competition on the distribu-
tion and abundance of tree species at a landscape scale
are quite rare, however. Given that all of the methods
currently used to assess competition among forest trees
require extensive data from within any given site, it is
perhaps not surprising that there have been few studies
with sufficient data to address these questions along
regional environmental gradients.
Regional networks of permanent plots established for
forest inventory purposes provide one potential source
of suitable data. The USDA Forest Service Forest
Inventory and Analysis (FIA) program maintains an
extensive network of long-term permanent plots within
all of the forested regions of the U.S. FIA data are
collected primarily for purposes of forest inventory, but
have proven useful for a variety of ecological analyses
(e.g., Caspersen et al. 2000, Jenkins et al. 2001, Goodale
et al. 2002). The network of plots is effectively a random
sample stratified by land cover. Inventory cycles have
typically been 10–15 years. Although inventory method-
ology is now being standardized nationwide, there are
differences in methodology for earlier censuses among
states and time periods, and not all plots from one
census were remeasured in the next census. The locations
of adult trees within plots are recorded primarily as a
means of locating the trees for remeasurement in future
censuses. The location data, however, are invaluable for
the neighborhood analyses of tree growth and survival
presented here.
In this paper, we use FIA data from the most recent
census interval for the states of Vermont and New
Hampshire to analyze the effects of competition on
canopy tree growth for the 14 most abundant tree
species in the region. One of the reasons for selecting the
states of Vermont and New Hampshire was the
similarity in timing and methods of recent FIA censuses.
Our analysis is based on recently developed, spatially
explicit analyses of canopy tree competition (Canham et
al. 2004, Uriarte et al. 2004a, b), and uses likelihood
methods and model selection as an alternative to
traditional hypothesis testing (Johnson and Omland
2004, Canham and Uriarte 2006). In addition, we use an
ordination of relative abundance of tree species in the
network of 1249 plots distributed throughout the two
states as the basis for an indirect analysis of the major
environmental gradients in the region. Our analysis of
growth of each of the 14 ‘‘target’’ tree species estimates
growth for each individual tree of a given species as a
function of the average potential diameter growth (in
millimeters per year), and three sets of scalar modifiers
ranging from 0 to 1 that quantify the effects on average
potential growth of (1) initial target tree size (dbh, in
centimeters); (2) local environmental conditions (as
defined by plot scores on the first two axes of the
ordination, outlined in detail in Methods); and (3)
crowding by neighboring trees. As part of (3), the
analysis provides empirical estimates of the strength of
intraspecific and interspecific competitive effects of
neighbors.
Our results address a number of fundamental ques-
tions about the nature of competition within this guild
of species. (1) Are different species of neighboring trees
functionally equivalent competitors? (2) Do species
reach their greatest relative abundance (realized niche)
in the sites in which they also have the greatest growth in
the absence of competition (fundamental niche), or are
their realized niches significantly displaced due to
competition? (3) Is the strength of interspecific competi-
tion between pairs of species related to similarity of
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distribution of the species along environmental gra-
dients, i.e., does the strength of competition increase
with similarity of environmental requirements? Our
analyses are specifically designed to be incorporated in
a spatially explicit model of forest dynamics (SORTIE;
Pacala et al. 1996), so that we can fully explore the
implications of managing for structural heterogeneity in
forest ecosystems, particularly in uneven-aged stands
(Harvey et al. 2002, Mitchell and Beese 2002, Coates et
al. 2003).
METHODS
FIA data for Vermont and New Hampshire
The most recent censuses for Vermont and New
Hampshire were conducted between April 1996 and
August 1998, whereas the previous censuses were
conducted between March 1982 and November 1983.
There were 1249 plots in the two states that had been
measured in both census intervals and that were in
forested land-use categories. Essentially all of the forests
were of natural origin (not plantations). There was
evidence of harvesting during the census period in
approximately one-third (447) of these plots. We
omitted these plots from the growth analysis for two
reasons: logging would have significantly altered the
competitive environment at an unknown time during the
census interval; and, more importantly, logging selec-
tively removes particular tree species. This would result
in biased underestimates of the competitive effects of the
harvested species, because we based our assessment of
the competitive neighborhood on the structure and
composition of the neighborhood at the beginning of the
census interval. Thus, the growth analyses were based on
a total of 802 plots, roughly evenly distributed across the
two states.
The 19821983 censuses used a single circular plot
that was either 14.90 m (86% of the plots) or 16.07 m in
radius (1/6 acre or 1/5 acre in area, respectively). The
1996–1998 censuses were conducted under a new plot
design that uses four 7.32 m radius subplots instead of
one large central plot. One of the new subplots is
centered over the original, larger plot. Within the new
subplot, all trees .12.7 cm dbh were remeasured in the
1996–1998 census. In the remainder of the original plot,
only saw-timber-sized trees (.22.86 cm dbh) were
censused. For two reasons, we have limited our analyses
of growth to trees .12.7 cm dbh that were present
within a 7.32 m radius of the center of the original plot
at the time of the 1980s censuses (‘‘target trees’’): (1) we
have data on dbh at the beginning of the census interval
for all of these stems (and can, therefore, calculate
growth rates for those individuals), and (2) by limiting
the analysis to stems in the smaller, new subplot, we
have a full census of all neighbors .12.7 cm dbh present
at the beginning of the census interval in a minimum
radius of 7.58 m around each target tree. Diameter
growth of each target tree (in millimeters per year)
between the two censuses was calculated by dividing the
total increase in dbh (in millimeters) by the number of
growing seasons between the two census dates for a
given plot.
Characterization of environmental variation among plots
using detrended correspondence analysis
Limiting our analysis to the states of Vermont and
New Hampshire also allowed us to minimize variation in
climate and land-use history. The vast majority of the
forests within these two states fall within the broadly
defined mixed-conifernorthern hardwood forests of
northern New England. Nonetheless, there is clearly
important variation among the plots in a wide range of
environmental factors. FIA field methods include a
variety of visual assessments of site conditions within
plots, but there are no direct measures of soils and
climatic variables. Instead, we used a detrended corre-
spondence analysis, DCA (Hill 1979), based on the
relative abundance of tree species within plots, to
indirectly characterize environmental variation between
plots. DCA has been criticized for its potential to distort
underlying gradients in the resulting ordination space,
but our initial tests with the algorithm revealed well-
distributed plots within ordination space. With the most
recent census data for the full set of 1249 plots, we used
the implementation of DCA in the R software package
(available online).6 Use of the full data set (rather than
the subset of 802 unlogged plots) minimized the
potential for outliers to influence the analysis. DCA
produces sets of ordination scores for both the samples
(plots) and the centroids of species abundance along the
ordination axes. In effect, we use the variation in relative
abundance of species among plots to provide an indirect
measure of site conditions in each plot, and then use the
ordination scores for a particular plot in our regression
analysis that attempts to explain variation in absolute
growth of trees within and among plots.
A maximum likelihood analysis of tree growth
We conducted separate analyses of diameter growth
for each of the 14 most common species of trees in the
802 unlogged plots in the data set (Table 1). As noted
previously, our analysis of growth of each of these
‘‘target’’ tree species estimates four terms: (1) average
potential diameter growth (PDG, in millimeters per
year), and three sets of scalar modifiers ranging from 0
to 1 that quantify the effects on average potential
growth of (2) initial target tree size (dbh, in centimeters),
(3) local environmental (site) conditions, and (4)
crowding by neighboring trees:
Growth ¼ PDG3 Size effect3 Site effect
3Crowding effect: ð1Þ
Potential diameter growth (PDG) in this model is the
expected growth of a tree when the other three factors
6hhttp://www.r-project.org/i
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are at optimal values (1), i.e., at optimal size, on the
optimal site, and with no crowding.
We use a lognormal function for the shape of the size
effect:






where d is the dbh (of the target tree) at which PDG
occurs, and r determines the breadth of the function.
This functional form is flexible enough that, for the
effective range of adult trees, the shape may be
monotonically increasing (i.e., when d is very large),
decreasing (i.e., when d is very small), or may have a
single ‘‘hump’’ and a skew to the left when d is within the
normal range of dbh (Canham et al. 2004).
Vegetation theory generally recognizes three alternate
models of distribution of species along environmental
gradients (Bigelow and Canham 2002). Under funda-
mental niche differentiation (FND), species segregate
because they have optimal performance at different
points along a gradient (Curtis 1959, Whittaker 1975).
This leads to an expectation of a series of Gaussian
(‘‘bell-shaped’’) distributions with different modes along
the gradient (Gauch 1982). Under Keddy’s (1989)
shifting competitive hierarchy (SCH), all species have
physiological optima at the upper end of resource
gradients, but may be displaced to suboptimal locations
by competition. Under this model, potential growth (i.e.,
in the absence of competition) should rise monotonically
and asymptotically for all species along a resource
gradient. A logistic function provides a suitable form for
this hypothesized relationship. The continuum concept
(CC) of Austin and Smith (1989) combines elements of
both FND and SCH, depending on the nature of the
gradients (whether a depletable resource or a non-
depletable environmental factor such as temperature).
We used the first two axes of our DCA ordination of
the vegetation data as independent (orthogonal) meas-
ures of variation along environmental gradients. We
used these ordination scores to explore the relationship
(if any) between growth of trees in a plot and variation
in the ordination scores for that plot. We compared two
functional forms of the potential relationships between
the ordination scores and growth to discriminate
between fundamental niche differentiation (FND) and
shifting competitive hierarchies (SCH) as explanations
for the distribution of species performance along the
ordination axes. The first functional form was the
bivariate Gaussian:
Site effect
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where Axis1i and Axis2i are the observed ordination axis
scores for plot i; X10 and X20 are the estimated axis 1
and 2 scores, respectively, at which maximum potential
growth occurs; and X1b and X2b are estimated
parameters that control the breadth of the function
(i.e., the variance of the normal distribution). Eq. 3
produces the classic Gaussian distribution of species
performance along an environmental axis predicted by
FND (Curtis 1959, Whittaker 1975, Gauch 1982), but
can also produce sigmoidal, monotonic curves (as
predicted by SCH) within restricted ranges of either axis.
We also fit models using a bivariate logistic equation
of the following form:













where all of the terms are as defined for Eq. 3, except
that the original axis scores have been rescaled to be
greater than zero by adding the minimum axis score plus
0.1 to each value. This forces the function to be either
monotonically increasing (when X1b and X2b are
negative) or monotonically decreasing (when X1b and
X2b are positive) (as predicted by SCH, if the ordination
axis reflects a positive or negative association, respec-
TABLE 1. Median and maximum dbh of trees .12.7 cm dbh for the 14 target tree species in the 802 plots from the original (1980s)
census used in the analysis.
Species Common name Acronym Median dbh (cm) Maximum dbh (cm)
Abies balsamea balsam fir ABBA 19.1 45.0
Acer rubrum red maple ACRU 23.6 66.0
Acer saccharum sugar maple ACSA 28.4 99.3
Betula alleghaniensis yellow birch BEAL 29.0 83.3
Betula lenta black birch BELE 21.2 53.6
Betula papyrifera paper birch BEPA 22.4 56.9
Fagus grandifolia American beech FAGR 28.2 70.4
Fraxinus americana white ash FRAM 27.2 83.1
Picea rubens red spruce PIRU 23.6 66.0
Pinus strobus eastern white pine PIST 25.9 116.8
Populus tremuloides trembling aspen POTR 23.7 45.0
Prunus serotina black cherry PRSE 24.9 45.4
Quercus rubra red oak QURU 28.7 97.3
Tsuga canadensis eastern hemlock TSCA 25.1 67.3
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tively, with resource availability). This functional form
produces sigmoidal variation in growth along either or
both axes, in which X10 and X20 define the points at
which growth is half of the maximum potential value
(PDG). The shape of the logistic curve is more flexible
than the Gaussian function in the steepness of the
inflection of the curve. For both Eqs. 3 and 4, we also
tested univariate functions in which terms for one of the
two axes were dropped from the analysis if initial results
indicated that there was no response of a target species
to that axis.
Our analysis of the effects of crowding follows from
the long tradition of distance-dependent analyses of
competition in which competitive effects are assumed to
vary as a function of the sizes of, and distances to,
neighboring trees (e.g., Bella 1971, Hegyi 1974, Lorimer
1983, Wimberly and Bare 1996, Wagner and Radosevich
1998, Vettenranta 1999, Berger and Hildenbrandt 2000,
Canham et al. 2004, Uriarte et al. 2004a, b). The net
effect of a neighboring tree on the growth of a target tree
of a given species is assumed to vary as a direct function
of the size (dbh) of the neighbor, and as an inverse
function of the distance to the neighbor. Most previous
studies have assumed that all species of competitors are
equivalent. In our analysis, the net effect of an
individual neighbor is multiplied by a species-specific
competition index (ki,z) that ranges from 0 to 1 and
allows for differences among neighboring species i in
their competitive effect on the target tree of species z.
Then, for i¼ 1, . . . , s species and j¼ 1, . . . , n neighbors
of species i within a radius (R) of the target tree z, a
Neighborhood Competition Index, NCI (Canham et al.
2004), specifying the net competitive effect of the










where a and b are estimated by the analyses (rather than
set arbitrarily as in previous studies), and determine the
effect of the dbh and the distance to the neighbor,
respectively, on NCI for the target tree. Because juvenile
trees are only censused in a small subplot within each
plot, only adult trees (stems. 12.7 cm dbh) are tallied in
the calculation of NCI. We only included trees within a
fixed radius (R) of 7.58 m, because this was the
maximum distance allowed by plot size within which
we had an uncensored sample of all adult trees within
that distance.
To keep the number of parameters in the model
manageable, a and b are assumed to be similar for all
species of neighbors. To facilitate comparisons of the
species-specific competition indices (ki,z) across different
species of target trees, the values of ki,z for each species
or group of competitors are rescaled as a fraction of the
highest ki,z (i.e., ki,z for the species or group of
competitors with the strongest competitive effect on
the target tree species is fixed at 1).
We assume that growth declines monotonically as
NCI increases, using the functional form:
Crowding effect ¼ exp½CðNCIÞD: ð6Þ
If D ¼ 1, this is a traditional negative exponential
function. If D . 1, the function is sigmoidal, with an
initially slow rate of decline as NCI increases, followed
by a steeper rate of decline. In order to facilitate
comparisons of the effects of crowding across different
species of target trees, we computed a relative value for
NCI for each analysis of a target species to scale it in the
range from 0 to 1 by dividing NCI calculated for each
target tree by the maximum value of NCI for any target
tree of that species. We did this primarily to facilitate
comparison among species in the interpretation of
results.
We also tested a variant of Eq. 6 in which the effect of
crowding on target tree growth varied as a function of
target tree dbh. This effect is independent of the
underlying effect of target tree size on potential growth
(size effect, in the absence of competition). This allowed
us to test whether a given level of crowding had a greater
effect on smaller (or larger) target trees (Canham et al.
2004). To test this, we allowed the exponential decay
term (C) in Eq. 6 to vary as a function of target tree size
(dbh):
C ¼ C0ðdbhcÞ: ð7Þ
If c¼ 0, there is no variation in sensitivity to crowding
as a function of target tree size. If c , 0, then sensitivity
to crowding declines as target tree dbh increases (i.e.,
smaller trees suffer a greater reduction in growth from a
given level of crowding than do larger trees). If c . 0,
then larger trees are more sensitive to a given level of
crowding than smaller trees.
For each analysis of the growth of a target tree
species, the regression model described by Eqs. 27
requires estimation of a maximum of nþ 11 parameters
for n species or groups of competitors. In principle, with
sufficient data our method could estimate all of the
pairwise competition coefficients (ki,z) that quantify the
per capita effect of a competitor of neighboring species i
on target species z. In practice, this would require
enormous data sets to encounter sufficient numbers of
rare species as competitors and to have large enough
sample sizes to accommodate the very large number of
parameters in the model. Our approach to this challenge
is dictated by both practical and theoretical consider-
ations. We first calculated the numbers of neighbors of
different species around target trees of each of the 14
study species. We then defined a ‘‘full’’ set of compet-
itors (unique for each different target tree species) using
separate ki,z for each species of competitor for which
there were .100 neighbors (summed across all target
trees) in the data set. All remaining species of neighbors
for that target species were then grouped into an ‘‘other
species’’ group. We compared this ‘‘full’’ model with
three alternate groupings of competitors: (1) an ‘‘equiv-
CHARLES D. CANHAM ET AL.544 Ecological Applications
Vol. 16, No. 2
alent competitors’’ model in which all species of
competitors had equivalent per capita effects (i.e., ki,z
¼ 1 for all species of neighbors); (2) an ‘‘intraspecific vs.
interspecific’’ model that estimated separate ki,z for
intraspecific competition and interspecific competition
(treating all heterospecific neighbors as one group); and
(3) a ‘‘group’’ model with four different values of ki,z:
one for intraspecific competitors, and three separate
values for species with low, medium, and high per capita
competitive effects. Species were grouped into these
three categories based on the estimated ki,z for the
species in the ‘‘full’’ model, with low¼ 0–0.33, medium¼
0.33–0.66, and high ¼ 0.66–1. One of the distinct
strengths of our approach is that it allows us to make
quantitative estimates of the competition coefficients
and to explicitly test the hypothesis that the competition
coefficients vary among at least some groupings of
species.
Parameter estimation, model comparison,
and model evaluation
We solved for the maximum likelihood parameter
values of the regression models using simulated anneal-
ing (Goffe et al. 1994), a global optimization procedure.
The analyses were done using software written specifi-
cally for this study using Delphi version 6 for Windows
(Borland Software 2000). Residuals were normally
distributed, however the variance for many of the
species increased with the mean predicted growth rate.
Therefore, the error term (ei) for the ith observation
(target tree) was modeled using
ei ¼ e0 þ e1Xi ð8Þ
where Xi is the predicted value for the ith observation,
and e0 and e1 are maximum likelihood (ML) estimates.
In practice, ML estimates of e0 were equal to zero for all
14 species, so variance was a simple linear function of
the mean.
The fit of each alternate model was assessed using two
metrics. The slope of the regression (with a zero
intercept) of observed diameter growth on predicted
diameter growth was used to measure bias, with an
unbiased model having a slope of 1. The R2 of the
regression (1 – SSE/SST) of observed vs. predicted was
used as a measure of goodness of fit (SSE, sum of
squares error; SST, sum of squares total). Alternate
models were compared using the Akaike Information
Criterion, AIC (Burnham and Anderson 2002). For
some of our target species, the ratio of data points to
parameters is ,40 for the models with the greatest
number of parameters; thus we used the corrected AIC
(AICc) for all comparisons, as suggested by Burnham
and Anderson (2002). The most parsimonious model is
the model with the lowest AICc. The absolute magnitude
of the differences in AICc between alternate models
(DAICc) provides an objective measure of the strength of
empirical support for the competing models (Burnham
and Anderson 2002). We used asymptotic two-unit
support intervals (Edwards 1992) to assess the strength
of evidence for individual maximum likelihood param-
eter estimates. A two-unit support interval is roughly
equivalent to a 95% support limit defined using a
likelihood ratio test (Hilborn and Mangel 1997).
Design constraints in model specification
Several aspects of our methods were constrained by
our objective of developing analyses of adult tree growth
that could be incorporated in a spatially explicit,
individual-based model of forest dynamics (SORTIE,
Pacala et al. [1996]; SORTIE/BC, Coates et al. [2003]).
One of the considerations in the specification of the
effects of crowding (NCI; Eq. 5) was to use a functional
form that could be implemented efficiently in a
simulation model. Some of the previous empirical
studies of tree competition have used much more
elaborate and elegant functions to characterize the
potential effects of the spatial configuration of neighbors
(e.g., Foli et al. 2003). We also chose to use the
configuration of the neighborhood at the time of the
initial censuses in 19821983 as our estimate of the
competitive neighborhood throughout the subsequent
census interval. Undoubtedly there were changes in the
configuration of the neighborhood during the 1214
year interval as a result of growth and mortality of
neighbors. We can increase the goodness of fit of our
models (R2) by calculating NCI based on an average of
conditions at the beginning and end of the census
interval. This would give us a false sense of predictive
power when applied in a dynamic model like SORTIE,
however, because the simulation model is constrained to
make predictions of growth during the period from time
t to tþDt using information on the state of the system at
time t (or earlier, if historical effects of past suppression
and release are included; Wright et al. 2000).
RESULTS AND DISCUSSION
Analysis of plot-level variation using DCA
As would be expected from a sampling scheme
designed to provide inventory data for an entire region,
the distribution of plot scores was remarkably diffuse
within ordination space, rather than clustered into
discrete community types (Fig. 1). Based on the
autecologies of the component tree species (scientific
and common names given in Table 1), the two first axes
of the ordination appear to reflect region-wide variation
in soil moisture (Axis 1) and soil nutrient status (Axis 2).
Axis 2, in particular, appears to reflect variation in soil
base saturation and the availability of cations such as
calcium and magnesium. Bedrock and soils in the region
vary widely in the concentration of these mineral
nutrients. The conifer species at the high end of Axis 2
are all well known for their occurrence on very base-rich
soils (Fowells 1965). The hardwoods such as sugar
maple and white ash in the middle of the axis are also
well known for their occurrence on base-rich soils,
whereas species such as beech and hemlock at the low
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end of the axis dominate on more acidic soils derived
from parent material low in base cations (Kobe et al.
1995, Kobe 1996, van Breemen et al. 1997).
Variation in potential growth of tree species along
environmental gradients
Seven of the 14 species showed evidence of variation
in potential growth along at least one of the first two
ordination axes (i.e., models incorporating site effects
had lower AIC scores than models omitting those
effects; Table 2), and four of the seven showed variation
along both axes (Table 2). Our results (Fig. 2) clearly
support the concept of fundamental niche differentia-
tion, in which species segregate because they have
optimal performance at different points along a gradient
(Whittaker 1975), in contrast to the concept of a shifting
competitive hierarchy (Keddy 1989), in which all species
have physiological optima at the upper end of a resource
gradient, but species differ in competitive ability and
poorer competitors are displaced to the resource-poor
end of a gradient (Bigelow and Canham 2002). None-
theless, there is also clear evidence that the relative
abundance of at least some species is significantly
displaced from the sites where they show maximum
potential growth (Fig. 3) (as suggested by the shifting
competitive hierarchy hypothesis). In all of the cases of
displacement, abundance was displaced toward the end
of the gradient that we interpret as more resource-poor
conditions, either low fertility or low moisture (Fig. 3).
The pattern is most pronounced among early- and mid-
successional species such as northern red oak (both
axes), red maple (both axes), eastern white pine (Axis 2),
and white ash (Axis 2), whereas late-successional, shade-
tolerant species generally reach their greatest abundance
on sites where they also show the highest growth in the
absence of competition (Fig. 3).
Effects of tree size on potential growth
The 14 species showed three different patterns of
variation in potential growth as a function of target tree
size (Fig. 4). For eight of the species, growth rates either
did not vary across the observed size range (i.e., red
maple and trembling aspen) or were highest in the
smallest size class included in the data set (minimum of
12.7 cm dbh), and declined very slowly with increasing
target tree size (i.e., either very small or very large d
parameters, and r parameters . 4). Four of the tree
species (black cherry, white ash, red spruce, and sugar
maple) reached a peak of maximum growth in the 30–50
cm size class range and then showed moderate declines in
growth in larger size classes. Finally, two species (paper
birch and beech) showed peak potential growth rates at
FIG. 1. Locations of species centroids in the DCA ordination of the relative abundance of tree species in 1249 FIA plots for
Vermont and New Hampsire, USA. The ordination included the 23 most common species in the data set, as well as rare species
grouped as ‘‘other.’’ Species names are abbreviated into acronyms using the first 2 letters of the genus and the specific epithet. See
Table 1 for the full species names. The interpretation of the first axis as a moisture gradient and the second axis as a soil fertility
gradient is based on the autecologies of the component tree species.
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;18 cm dbh, with growth rates declining sharply in larger
size classes (Fig. 4). This pattern is not unexpected for
paper birch, which is distinctive among the 14 species for
its short life span (Fowells 1965). In contrast, beech has
one of the longest potential life spans of the 14 species.
Beech populations throughout the region, however, have
been subject to severe infestations of beech bark disease
during the past 50 years (Houston 1994). The disease is
most severe in large individuals (Twery and Patterson
1984), and our results may reflect the pervasive effects of
the disease in northeastern forests.
Effects of neighboring tree size and distance
on competitive effect
Models that ignored the effects of competition (the
‘‘No comp.’’ model in Table 2) had dramatically worse
AICc scores than models that included the effects of
competition (Table 2). The a parameter (Eq. 5) controls
the effect of neighboring tree size on net competitive
effect (NCI). Estimates of a for these 14 species ranged
from 0 to 2.8 (mean 1.27; see Appendix). Tree biomass
scales as roughly the square of dbh (e.g., Jenkins et al.
2003), so an estimated value of a ’ 2 indicates that
competitive effect scales approximately linearly with
neighboring plant biomass. Crown radius is approx-
imately a linear function of dbh in north-temperate tree
species (Canham et al. 1994, 1999), so values of a ’ 1
suggest that the effect of a neighbor is proportional to its
crown radius. Values of a close to zero indicate that
competitive effect scales with the density of neighbors,
regardless of the size of individual trees, whereas values
 2 indicate that neighbors have an effect that is
disproportionately large relative to their biomass.
Estimated values for a were very low for three species
TABLE 2. Comparison of alternate models for the 14 target tree species, using AIC corrected for small sample size (AICc).
AICc
Species Full model Mixed model Intra. vs inter. Equiv. comp. No comp. Axis 1 Axis 2 c NP n R2
ABBA 1437.5 1422.3 1469.1 1465.6 1575.8 Y 13 429 0.253
ACRU 3364.8 3339.4 3369.0 3371.8 3422.8 G G Y 17 930 0.125
ACSA 2522.0 2495.1 2501.1 2527.2 2696.8 G G 16 751 0.214
BEAL 1112.6 1105.2 1132.7 1140.6 1157.0 Y 13 333 0.148
BELE 178.3 177.6 183.3 189.4 180.1 12 55 0.268
BEPA 1423.4 1405.1 1477.1 1500.1 1545.9 12 480 0.148
FAGR 1169.2 1153.5 1155.6 1157.4 1192.0 L Y 15 350 0.170
FRAM 510.6 489.9 489.1 490.5 493.1 G 12 134 0.202
PIRU 1346.8 1341.0 1338.3 1334.5 1429.0 G 10 440 0.195
PIST 2180.8 2158.9 2188.6 2186.8 2360.4 G Y 15 501 0.351
POTR 414.0 403.0 409.9 409.9 413.7 Y 13 104 0.232
PRSE 222.4 216.0 219.2 222.4 230.2 12 53 0.228
QURU 842.6 822.9 843.2 874.2 854.0 G L Y 17 224 0.272
TSCA 1408.3 1391.3 1419.1 1482.9 1575.5 G Y 15 425 0.284
Notes: Species are identified with acronyms; see Table 1 for full names. The five models vary only in their treatment of
competition, including intra- vs. interspecific competition, equivalent competition, and no competition. The ‘‘No comp.’’ model
incorporates terms for only target tree size and environmental conditions, and ignores the effects of crowding. The best model
(lowest AICc) is indicated in boldface type. Axis 1 and Axis 2 indicate whether the best model included variation along a given axis,
and whether the variation was best fit by a Gaussian (G) or logistic (L) function. The ‘‘c’’ column indicates whether (Y, yes; blank,
no) the best model also included a term to allow sensitivity to competition to vary with target tree size (Eq. 7). NP is the total
number of parameters (including the variance parameters; Eq. 8) in the best model; n is the sample size of target trees; and R2¼ 1 –
SSE/SST for the relationship between predicted and observed growth.
FIG. 2. Predicted variation in potential growth along the
first two ordination axes for species in which the most
parsimonious model included significant variation along one
or both of the axes (Table 2). See Appendix for the estimated
parameters of the corresponding functions.
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(balsam fir, yellow birch, and eastern hemlock), whereas
only one species (sweet birch) had a value  2.
Estimates of a for neighbors of the remaining eight
species showed a gradation from values slightly less than
1 (e.g., beech and trembling aspen) to slightly greater
than 2 (eastern white pine).
The b parameter (Eq. 5) controls the magnitude of the
decline in effect of a neighbor with increasing distance
from a target tree. The estimated b values were all
relatively low (maximum b ¼ 0.66 for eastern hemlock,
mean for the 14 species¼ 0.33), and were effectively zero
for three species (white ash, trembling aspen, and black
cherry; see Appendix). The three highest values of b
occurred for three conifer species with relatively narrow
crowns (hemlock, red spruce, and balsam fir; Appendix).
Values of ;0.5 would indicate that competitive effect of
a neighbor declines as a function of the square root of
distance. Because of plot size limitations, we cannot
assess the effects of neighbors beyond a distance of ;7.6
m. Our results indicate that the effect of a neighbor does
not decline dramatically within distances of 78 m.
Variation in sensitivity to competition as a function
of species and size
Our analyses indicate that growth declines as a simple
negative exponential function of increasing NCI for all
species except black birch, for which the decline was
slightly sigmoidal (Fig. 5). Sensitivity to crowding varied
dramatically among the 14 species (Fig. 5). For 30-cm
target trees, growth under the maximum observed
relative crowding (i.e., NCI ¼ 1) ranged from a low of
7.8% of potential growth in paper birch to a high of
57.8% in trembling aspen (Fig. 5B). There was no
obvious relationship between shade tolerance and
sensitivity to competition (Fig. 5). There was, however,
evidence of variation in sensitivity to the effects of
competition as a function of target tree size for eight of
the 14 species (i.e., c 6¼ 0; Appendix). In all eight cases,
smaller trees were much more sensitive to competition
than larger trees (2.0 , c , 0.9; Appendix). Among
smaller trees of the eight species, the least sensitive were
the three most shade-tolerant species (balsam fir, beech,
and eastern hemlock). The six species for which there
was no evidence of an effect of target tree size on
response to competition ranged from very shade tolerant
(e.g., sugar maple) to very intolerant (e.g., paper birch).
As a result, the rankings of sensitivity to competition
among the 14 species and the absolute magnitude of
reduction in growth as a function of crowding varied
dramatically from small to large stems. For 15 cm dbh
stems under the maximum observed relative crowding
(i.e., NCI ¼ 1), observed growth was reduced to only
FIG. 3. Relative abundance of six tree species in the full data set of 1249 plots (solid circles, using relative basal area in the most
recent census data as an estimate of abundance), and the fraction of potential growth (solid line, in the absence of competition, and
at the tree size that was optimal for growth), as a function of the position of the plot along the second ordination axis.
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1.4–46.7% of potential (Fig. 5A), and white pine, eastern
hemlock, and paper birch were the three species most
sensitive to crowding. For 60 cm dbh stems, predicted
growth under maximum crowding ranged from 7.7% to
87.2% of potential (Fig. 5C), and paper birch, black
cherry, and sugar maple were the three species with the
greatest reduction in growth. This ontogenetic shifting
of competitive hierarchies illustrates some of the
complexities and challenges inherent to the management
of uneven-aged stands.
Intra- and interspecific variation in competitive effects
For all target species except red spruce, our results
lead us to reject the hypothesis that all species of
competitors have equivalent effects (Table 2). For red
spruce, the model that grouped all species of competitors
as equivalent was a better fit to the data than models
that discriminated between at least some species of
competitors (Table 2). For all of the remaining 13
species except white ash, the ‘‘mixed’’ model that
discriminated between intraspecific competition and
three groups of interspecific competitors (‘‘weak,’’
‘‘intermediate,’’ and ‘‘strong’’ competitors: k ¼ 0–0.33,
0.33–0.66, and 0.66–1.0, respectively, based on the
individual competition coefficients given in Table 3)
was the most parsimonious of the four alternate models
that differed in the grouping of species of competitors.
For white ash, a simpler model that grouped all species
of interspecific competitors vs. intraspecific competitors
was slightly better than the mixed model (Table 2).
We used the species-specific competition indices
estimated in the ‘‘full’’ model (Table 3) to explore
whether the strength of competition between any two
species and the Euclidian distance between the centroids
for the two species in the DCA ordination (i.e., a
measure of the dissimilarity in distribution of the species
along environmental gradients) were related. Specifi-
cally, for each of the 11 species for which there were
more than five estimated competition coefficients for
neighboring species, we calculated product-moment
correlations between the competition coefficients and
the ordination distance between the target species and
the neighbor species. Seven of the 11 correlations were
negative and four were positive, but none of the
correlations was significant at P , 0.05. Thus, our
results provide very little evidence that the strength of
competition between two species varied as a function of
the distribution of the species within the ordination.
We also examined the mean distances to neighbors of
different species within a plot, to explore whether the
competition coefficients might be influenced by spatial
segregation of species (Freckleton and Watkinson 2001,
Turnbull et al. 2004). In general, the mean distances to
neighbors of different species were remarkably similar
for all target species (data not presented). There does not
appear to be any evidence that very low competitive
FIG. 4. Predicted effects of variation in target tree size (dbh) on potential diameter growth (i.e., in the optimal site, and in the
absence of competition). See Appendix for the estimated parameters for the corresponding functions. See Table 1 for key to species
abbreviations.
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effects of a particular neighbor species on a particular
target species are due to spatial segregation of the
species within a plot (i.e., that the neighbor species with
low competitive effects are distinctively far away from
targets). This result parallels the estimation of Turnbull
et al. (2004) of the effects of spatial segregation on
competitive interactions among annuals in a limestone
grassland.
For all of the 14 target species, conspecifics were the
most common neighbors, ranging from a low of 15% to
a high of 65% of all neighbors for a given target species
(mean 37.4% of neighbors). There was no obvious
correlation between the percentage of neighbors that
were conspecific and the estimated strength of intra-
specific competition (which was usually strong, regard-
less of whether a species was more or less likely to have
FIG. 5. Predicted effects of variation in NCI (neighborhood crowding index) on growth for trees of 15, 30, and 60 cm dbh. For
each species, NCI is relative to the target tree with the highest value of NCI (Eq. 5). See Appendix for the estimated parameters of
the corresponding exponential functions. For a key to the symbols, see Fig. 4.
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conspecifics as neighbors). Thus, even though intra-
specific competition was usually quite strong and
conspecifics were usually the dominant neighbors, the
variation among target species in the strength of
intraspecific competition was not related to the like-
lihood that a neighbor was a conspecific.
Table 3 presents the matrix of pairwise competition
coefficients for the 11 most common tree species. Note
that species are ordered approximately from most to
least shade tolerant. Twenty of the 121 elements (17%)
of the matrix could not be estimated because of
insufficient numbers of neighbors. Of the estimated
interspecific competition coefficients (i.e., the nondiag-
onal elements), 25% were relatively weak interactions (k
 0.2; 23 of 91 interspecific coefficients) relative to the
strongest pairwise competitive interaction, whereas 20%
were strong interactions (k  0.8; 18 of 91 coefficients)
(Table 3). Sugar maple stands out as a species with
strong competitive effects on the most other target
species (four species), whereas red oak had the highest
mean competitive effect across all target species (for
which there were sufficient neighbors to calculate a
coefficient). Eastern white pine had the lowest average
competitive effect on other target tree species (mean
interspecific k¼ 0.20). In general, the strong interspecific
interactions were near the diagonal, i.e., between species
with very similar shade tolerance (11 of 18 strong
interspecific interactions were within two elements above
or below the diagonal). Weak interspecific interactions
were generally away from the diagonal, i.e., between
species with very different shade tolerance (18 of 23
weak interspecific interactions were more than two
elements away from the diagonal).
Most of the individual pairwise interactions were
strongly asymmetric (i.e., the effect of species A on B
was much larger or smaller than the effect of B on A). If
the magnitude of the asymmetry is used as a basis for
ranking potential competitive dominance, then there is a
clear competitive hierarchy among the four most shade-
tolerant species, with hemlock. beech. sugar maple.
red spruce. Among the shade-intolerant species, there
was also a set of species with a clear competitive
hierarchy: red oak . paper birch . red maple . white
pine. The relatively weak competitive effects of red
maple on other species (Table 3) were surprising, given
its status as one of the most common tree species in the
data set, and indeed, across much of the northeastern
U.S. (Abrams 1998).
Predictive power and methodological issues
Our approach exploits natural variation in canopy
structure (due to processes including natural and human
disturbance, and land-use history) to sample variation in
neighborhood configuration. One of the benefits of the
large number and stratified random distribution of the
FIA plots is that our sample contains a very wide range
of mixtures of species and sizes of trees, across a very
wide range of site conditions. The major limitation of
the current FIA plot design (for our purposes) is the
relatively small size of the plots. This limits the radius
within which neighbors can be included in the model.
Our previous studies with adult trees in both temperate
and tropical forests (Canham et al. 2004, Uriarte et al.
2004b) used larger plots and estimated the effective
neighborhood radius for each species of target tree (i.e.,
empirically determined the radius beyond which inclu-
sion of neighbors did not improve the likelihood of the
model). Effective neighborhood radii in those two
studies ranged from 3.2 to 19.8 m, but the effect of
neighbors declined significantly with distance (Canham
et al. 2004, Uriarte et al. 2004b). The maximum
neighborhood radius of 7.58 m allowed by the FIA plot
TABLE 3. Per capita competition coefficients (ki,z) estimated from the full model for the effects of a neighbor of species i on target
species z for the 11 species for which at least five species of competitors were common enough for parameter estimation.
Effect of ...
On ... FAGR TSCA ACSA PIRU ABBA BEAL ACRU FRAM QURU PIST BEPA
FAGR 0.72 1.00 0.42 0.56 0.45 0.45 0.64 0.45
TSCA 0.50 0.44 0.28 0.30 0.94 0.08 0.10 0.35 0.25 0.15
ACSA 0.80 0.69 1.00 0.39 0.90 0.62 0.01 0.56 0.64 0.06 0.63
PIRU 0.49 1.00 0.68 0.41 0.74 0.82 0.38 0.47
ABBA 0.43 1.00 0.26 0.09 0.45 0.53 0.21 0.70
BEAL 0.18 0.65 0.02 0.85 0.43 0.79 0.56 0.00 1.00
ACRU 0.58 0.38 0.78 0.55 0.64 0.51 0.47 0.09 1.00 0.00 0.43
FRAM 0.00 0.21 0.04 0.00 0.01 0.68 1.00 0.00
QURU 0.57 0.56 1.00 0.01 0.84 0.97 0.00 0.15
PIST 0.02 0.98 0.02 0.31 0.79 0.98 0.99 0.87 0.94
BEPA 0.20 0.55 0.27 0.04 1.00 0.00 0.00 0.75 1.00 0.00 0.47
Mean 0.45 0.49 0.62 0.34 0.59 0.42 0.40 0.58 0.80 0.20 0.54
Notes: Cells are blank if there were not enough neighbors of that species to estimate a coefficient from the model. The species are
ordered approximately from most to least shade tolerant from top left to bottom right. Intraspecific competition coefficients
(underlined) are shown along the diagonal. Strong interactions (.0.8) are shown in boldface. Weak interactions (,0.2) are shown
in italics. The competition coefficients are scaled so that the strongest competitor for each target species has a value of 1.0. Also
shown are the mean competitive effects of each of the 11 species on all target tree species for which it was a common neighbor. The
bottom row of the table contains the mean of the estimated effects of a given species on the different species of neighbors (including
intraspecific competition).
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design thus captures the bulk of the competitive effect of
neighbors, but almost certainly fails to include the
effects of some competitors. This problem is probably
most severe for very large target trees that may dominate
the plot. The limitation of a finite mapping of local
neighborhoods is a common constraint in any neighbor-
hood analysis, whether the analysis focuses on tree
growth, seed rain, or leaf litterfall (Canham and Uriarte
2006).
Although all of the models produced unbiased
estimates of growth (i.e., slopes of predicted vs. observed
growth were all very close to 1.0), the goodness of fit of
the models was relatively low, with R2 ranging from
0.125 for red maple to 0.351 for white pine (Table 2).
The variance in predicted growth increased as a linear
function of predicted growth, with a slope ranging from
0.424 in black birch to 1.287 in white pine (mean value
of e1 ¼ 0.738 for the 14 species; Appendix). This is a
common observation in studies of tree growth (Pacala et
al. 1994, Canham et al. 2004). There are many sources of
potential error, including both process and measurement
error. From a biological perspective, one interpretation
of the increase in variance with the mean is that as
expected growth increases due to a relaxing of con-
straints due to plant size, local site conditions, or
competition, other factors not accounted for in the
model increasingly come into play. These factors may
include pests, pathogens, physical damage, and the
residual effects of past suppression and release (Wright
et al. 2000). The uncertainty in predicted growth has
important implications from both a theoretical and a
management perspective (Clark et al. 2003, Canham et
al. 2004).
Implications for theories of forest community organization
Our results reveal strong asymmetries in competitive
interactions among tree species in these temperate
forests (Table 3) and clear evidence, for all but one of
the species, that different species of neighbors have
strikingly different competitive effects. These results are
in sharp contrast to the neutral model of species
interactions in tropical forests proposed by Hubbell
(2001). We have recently tested for equivalence of
competitive effects in two dominant species from a
temperate coniferous forest (British Columbia; Canham
et al. 2004), the 12 most abundant species in a
moderately species-rich tropical forest (Puerto Rico;
Uriarte et al. 2004b), and saplings of 60 tree species in a
species-rich tropical forest (Barro Colorado Island,
Panama; Uriarte et al. 2004a). In the most species-rich
system (Panama), the most parsimonious model for over
half of the target species treated all species of neighbors
as equivalent. In the other two less species-rich systems
(Puerto Rico and British Columbia), there was strong
evidence that different species of neighbors were not
equivalent in their effects on essentially all target tree
species. There are a number of possible interpretations
for this pattern. Perhaps the most obvious is simply a
methodological limitation: the numbers of neighbors of
any single species is relatively low in the most species-
rich system. This may limit the power of the models to
detect interspecific differences in competitive effects
simply because of insufficient numbers of neighbors of
a given species. A second potential reason is the relative
uniformity of neighborhood structure in Panamanian
tropical forests in comparison with the other sites.
Our results also address, at least by inference, the
effects of competitive interactions on the distribution of
tree species along environmental gradients and the
magnitude of the displacement (if any) of the realized
niches from the fundamental niches of forest trees
(Loehle 2000). Specifically, they allow us to estimate the
variation in potential growth of tree species (in the
absence of competition) along ordination axes defined
by the relative abundance of species (Fig. 3). The results
indicate that shade-tolerant species generally have their
highest potential growth in the same sites where they
reach their greatest relative abundance, whereas a
number of the less shade-tolerant species show a clear
displacement between maximum relative abundance and
maximum potential growth, suggesting a displacement
of their realized niches from their sites of optimal growth
(Fig. 3).
Implications for development of sustainable forestry
Landowners and foresters now routinely manage for
complex residual structure in northeastern forests. Our
results suggest that timber yield following selective
logging will vary dramatically depending on the config-
uration of the residual canopy, because of the dramatic
interspecific variation in the magnitude of both the
competitive effects of different species of neighbors and
the competitive responses of different species of target
trees to neighbors. The strong asymmetries in the matrix
of competition coefficients and the reasonably large
number of weak competition coefficients (Table 3)
suggest that there may be considerable benefit in
managing for particular mixtures of species within a
given neighborhood: in effect, managing for patchiness
not only in canopy structure (Coates et al. 2003), but
also in canopy composition. For example, the matrix of
competition coefficients (Table 3) suggests that there are
clear benefits of managing for mixtures of successional
status within a given neighborhood, because the
strongest competitive interactions (e.g., higher compet-
itive coefficients) tended to be between species of similar
shade tolerance (Table 3).
The long-term consequences of any given partial
harvest will be a function of both the immediate
configuration of the residual stand and the subsequent
differential growth of residual trees. The long-term effect
on trees A and B of removing tree C will depend not
only on the response of A and B to the immediate release
from the competitive effects of C, but also on the
subsequent shift in the competitive balance between A
and B as they respond differentially to the removal of C.
CHARLES D. CANHAM ET AL.552 Ecological Applications
Vol. 16, No. 2
Predicting these long-term, indirect effects of partial
harvesting requires that empirical analyses (models) of
the sort we have presented here be embedded in a
simulation model of forest dynamics such as SORTIE
(Coates et al. 2003). This has been a specific goal of our
research, and played a part in many of our decisions
about the balance of complexity and phenomenology
that was appropriate for these analyses. The FIA data
sets are an extraordinary resource and certainly may be
used for much more complex and mechanistic analyses
of canopy tree competition than those presented here.
Nonetheless, the benefits of simplicity in simulation
models provide a compelling argument for simplicity in
the empirical analyses that make up the components of
those models.
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